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Introduction 

One of ihc important insights of molecular biology obtained 
in the last few years is the elucidation of a mechanism for the 
a^ty of cucaiyoUc cells to recognize their locadoa in tissue. 
Th& mechanism of tissue recognition has been traced to the 
inceniciioQ of a relatively small number of extracellular tissue 
markers with corresponding realtors at ihe ceU surface. 
ExtiaceUuIar markers have a profound influence on ceU adhesion 
and spreading, and in many cases, their presence directs cell 
growth J ""3 

The extraceflular markers are (rften found to be relatively short 
sequences in the fibrous proteins ubiquitous In extracellular 
matncessuchascoUagenandfibronectin. Given the enormous 
size and variability of these fibrous proteins, it is very 
challenging to study the molecular mechanism of the interaction 
between extracellular Ugands and ceil surface receptors. This 
mteracnon must be highly specific, and of substantial strength 
with a few hundreds of molecular interactions capable of fixing 
a whole cell permanently to a surface. 

One of the problems of studying extracellular matrix-cell 
receptor interactions is the creation of an experimental system 
thai enables measurement of the adhesive interaction strength 
The ideal experimental system should feawre a strictly defined 
number of recognition sequences in native conformation on a 
surface large enough to hold cells. With these issues io mind 
we have developed a novel model system in which hgand- 
r«^ptor pairs can be incorporated into separate Upid molccuics 
and fixed via self-assembly onto a highly organized monolayer 
surface. ' 

This approach to the investigation of ligand-rca^tor interac- 
tions holds many advantages. First one can examine a given 
interaction at a fixed, controllable, noncquilibrium scparad<m 
between the binding molecules. Second, the invesdgated 
mteraction at the surface is accessib le to direct macroscopic 

' BtomedicaJ Eagineering Ctnwr. " — 
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» Dcp«tmem of Uboraioiy Medicine and Pathology 
AteraajmbUshed in Aduance ACS Abitracrs, S^tcmt>er I. 1995. 
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(3) Zetter. B. R. Cancer BioL 1993, < 219-29. 



physicocAcmical methods such as surface forces measurement. 
X-ray scattering, and infiared spectroscc^y. Third, the interac- 
tion is at the surface-water phase boundary, that is, under the 
conditions similar to those in vivo. Finally, ftinctionalized 
mono- and bilayer-fonning amphiphiles could be the building 
blocks for complex self-assembling membrane systems with 
multiple receptor or catalytic properties (artificial enzymes, 
targeted drug delivery, biocompatible coatings).^ In the present 
paper, we report an efficient pathway for the synthesis of 
amphiphiles containing a peptide in their hydrophilic component 
(bead group) and dialkyl or diacyl chains in their hydrophobic 
components (tails). 

Interest in this class of compounds has been rising steadUy 
during the last decade. Eariy attempts at synthesizing peptide 
amphiphiles coupled natural lipid tails fi.e.. phosphatidyletha- 
nolaraine) in a solution reaction witii relatively short peptides.^ * 
Solution phase coupling was a necessity before widespread 
appUcation of Fmoc solid-;rtiase peptide synthesis, since most 
lipid tail groups would not be stable during deprotection and 
cleavage in strong mineral acids that are required by Boc 
chemistry. However, the solution phase approach is plagued 
by the mmual immisability of the hydrophilic and hydrophobic 
components of the desired molecule, which tends to aggravate 
problems during head group-to-tail coupling and peptide depro- 
tection. Therefore, we arc not surprised that, despite their 
tremendous potential, peptide amphiphiles have not been widclv 
explored. ^ 

Lipidated peptides and proteins' have been found in several 
crucial regulatory and signal transducing ftmctions in eucaryouc 
cells. - 2 and often the lipid modification determines their 
activity and subccUular location. Most interesting fiom die point 

(4) Ringsdorf. R; Schlarb. B.; Venzmcr. J. Angew. Oicm, 19S8. 27. 1 13- 

JO. 
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(7) Casey, P, J. ScUnce 1995, 268, 221-25 

iS? 9^' "^y^' J- FEBS Leu. 1989, 24J. 65-9 

(9) Busconi, L.: Michel. T. 7. BioL Chrm, 1993. 268. 84i0-3 

( 10) Georse. D. J.: Blackshear. P. J. J, BioL Ch^m. 1992, 2tf7. 24S79- 
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of view of bio^etnistry are cnyristoylatcd peptides as subsftraces 
or inhibitors of two important cellular proiciiis: myristoyl-CdA: 
protein ^T-myristoyl transferase (which is jHobably a major target 
during oncovirus-induccd ccU traiisfonnaiion)>3"i7 ^nd protein 
kinase C'^"^ For many of these pq>tides, fuUy synthetic 
analogs have been obtained as important research tools. 

Doe to the stability of aliphatic amides to strong mineral acid 
treaimcni, Boc solid-phase synthesis of N-myristoyla£cd peptides 
has been employed extensively. These compounds have 
primarily been in the focus of biochemical investigation, and 
thus little is known about their physicochemical and membrane- 
forming properties, Nevertheless, it has been shown that 
N-mynsioylated peptides can form micelles and spontaneously 
insert into phospholipid membranes.-' 

Whereas N-myristoylaied peptides have enjoyed significant 
attention during the last decade, synthesis of membranfi-fonning 
compounds with dialkyl or diacyl chain hydixjphobic tail groups 
has rarely been attempted.^ De Bont et ah published the 
only example known to us of a synthesis of a diacyl glycerol 
ester based peptide amphiphile solely by solid-phase techniques 
using pcmafluon^heayl esters of the hydrophobic tail 2^ How- 
ever, the amphiphilic and biological properties of these mol- 
ecules have not been reported. 

We have synthesized peptide amphlphiles using the solid- 
phase approach with a very simple but versaiiJe hydrophobic 
tail group introduced by Kunitake et al?^ The simplicity of 
this approach facilitates synthesis and potentially allows us to 
obtain a large variety of peptide amphiphiles necessary for 
systematic study of rhcir stiuctural and biological properties. 

The peptide sequences used in our study are derived fxom 
various collagen fragments that have been of considerable 
interest in the smdy of tumor cell adhesion and spreading. In 
the early 1980s it was established that certain tumor cell lines 
bind exffaceUular matrix components (including collagen) via 
specific iniegrin and proteoglycan receptors on die cell suiface.26 
This interaction determines cell motility, morphology, and 
histological appearance to a large extent. In crceni years, 
numerous collagen ligand sequences for ceU membrane receptors 
have been identified and extensively studied. Ligand sequences 
have been fomid in different collagen types."^^* Some of these 
sequences are truly remarkable in their ability to maintain folded 

Bi^'l^ti^ll^'''' ^ ^^"^ 
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strucmres in aqueous solution. For example, the al (IV) 1 263- 
1277 collagen sequence Gly-Val-Lys-Gly-Asp-Lys-CIy-Asn- 
Pro-Gly-Trp-Pn^^y-Ala-Pm UIV^HJf), which iHomotes tumor 
ceU adhesion,^ has been shown ro assume a )9-tum-like strucmre 
in solution.50 When tfiis sequence is flanked by repeating Gly- 
ftt>-Hyp sequences, circular dichroism daia indicates the pos- 
sibility of triple-helical assembly .^i Other sequences, like the 
hydrophobic collagen fragment aI(IV)53 1-543 Gly-Glu-Rie- 
Tyr-Phe-Asp-Uu-Arg-Leu-Lys-Gly-Asp-Lys UHEP IIII), as- 
sume a difTerent but regular solution stnicture. 

We synthesized peptide amphiphiles containing [fV-Hl J or 
{HEP ni] sequences to start detaUcd investigations on their 
stnicmre, their interaction with their natural receptors, and their 
biological activity. To show the flexibiUty of our synthetic 
approach, we also report dau for a 26-amino acid head group 
peptide Gly-Val-Lys-Gly-Asp-Lys^Jly-Asn-Pro-Gly-Trp-Pro- 
Gly-Ala-Pro-Gly-Pro-Hyp-Gly-Pro-Hyp-GIy-Pro-Gly-Pro- 
Hyp that combines the [IV^Hl] sequence with a triple-helical 
repeating sequence. In order to be able to differentiate between 
features induced by the hydrophobic tail portion of the molecule 
and the hydrophilic peptide head group, wc decided to synthesize 
a number of amphiphile molecules that contain the same tail 
region as our peptide amphiphiles, but only a single amino acid 
residue in the head group. As shown below, these molecules 
also prove very uscftil for tiie study of single amino acid side 
chain interactions. . Amphiphiles containing single amino acids 
were synthesized using classical solution phase chemistry 
methods with OBz-protected amino acids and p-nitrophenyl 
esters, dius demonstrating yet another facUc synthesis scheme 
suitable for obtaining peptide and/or amino acid lipids. ' 

Results and Discussioa 

Synthc^ of a Hydrophobic Tail Compound. The target 
compound for a prospective tail has to satisfy certain conditions. 
The compound should contain two alkyl chains, it should be 
easy to syodiesize and to purify, and in order to be useful in 
biomedical applications, it should be similar (biocompatible) 
but not identical (resistent to degrading enzymes) to biological 
lipids. We evaluated several differem compounds f^e., dialkyl- 
amines, phospholipids) for our purposes. Dialkyl glucamates 
satisfy the above criteiia best 

Synthesis of (Ci6)2'Glu-C5-pNp is depicted in Figure L The 
dialkyl ester of Glu was readUy obtained by acid-catalyzed 
condensation of Ghi with the appropriate fatty add alcohol The 
p-toluenc5ulfonate salt of Glu diaiyl ester crystallized easily; 
therefore, extensive purification was conducted at this step. The 
synthesis of the hydrophobic backbone was followed by 
succinylation of the free amino groop and subsequent activation 
of the carboxylic add with p-nitrophenol and dicyclohexylcar- 
bodiimide. As both reactions have virtuaUy 100% yields, losses 
occur only during the necessary purificatioo steps. The whole 
synthesis can be completed in less than 1 week. The resulting 
pNp^ter is stable for extensive time periods. 

Whereas one might argue that dialkylamides of GIu^^ could 
have potential advantages, such as excellent stability in strong 
mineral acids, we found that the poor solubility of these 
compounds is a serious obstacle for their use in solid-phase 
synthesis of peptide amphiphiles. 

Syndiesis Of Amiriiiphiles with Peptide Head Groups. We 
treat the synthesis of pqrtid e amphiphiles as an extension of 

(2«) Chalbcrg. M. K.: McCarthy. J. B.; Sfcubitz. A. P. N.- FuichL L T • 
Tsilibary, E. C J. CcU Biol 1990, HI. 261-70. 

(30) Darafiaa. V. a.: Dyina, E.; Mayo. K. hL Biapolymcrj 1993. JJ. 521- 

01) fieida, C G.; Mickdsoa D. J.: Drake. S. I-.: McCanhy. J. B.: Relds. 
G. B. J. BioL Chem, 1993. 268, 14153-^. 
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SyfOhetic Upidation of Peptides and Amino Acids 





(C,»)rGiu-C,-CCXDH 



1 



p-Nitrophenol. DCCI: 
■H,0 




(C,J,-Glu-C,-pNp 
Figure 1, Owmical symhesU of artvaed tail compound (COrGlu- 
7 ^"^^ * long-chain akohol and Glu i* 

aclueved by acid catalysis and constant water nsnovai TTw raolcins 
^S^err""''"^ *e ftce caHx«y g„»p ^ 

solid-phase chemistry. TTiis l6gic demands synthesis of a fuUy 
^otected peptide head group precucor separately ftom the tail 
Tie iipophiUc tail compound cao then be Unked to the peptide 
bead group on resin, either as an activated compound to- 
tunophenyl ester) or via traditional caAodiimide-hydfojo-bM- 
zooiazote reaction that forms an active ester in «fa. TFA-labUe 
resms and Fmoc chemistry allow for easy deptotection. isolation, 
and purification of the desiied compound. 

Peptides were synthesized by Fmoc methodology using 
coinmercially available Rink rean-M After coupling ^the to 
ammo acid, a small portion of the pq>tide was deprtilectcd. 
cleaved, and analyzed by HPLC, mass spectromelryrSuJ 
degradauon sequence analysis. In this way. we assured that 
tile ammo acid sequence in the amphiphile was cdnect. After 
N-tetminal Fmoc group with 20% pipcridine in 
DMF. the taU compound was coupled to the protected peptide 
on resin (Figure 2) in dicUoromethane/dimethylfennmude 
for4h. After deprotection and cleavage from the resin by 95% 
ttifluoroacetic acid in presence of appropriate scaveogcis.» the 
pepude amphiphile was precipitated with cold ether, dried, and 
punfied by HPLC using a Q reversed-phase colu^mS^ 
J). We note that the only major impurity found in the crude 
preopitete was unmodified peptide. Afker purification, peptide 

The final compounds were characterized by mass spectrom- 

rT^,!" Pi««>t in the complex NMR spectrum, 

we would hie to point om to the presence of alkyi n«^lenes 
n**? ^-^-^ 27.0). the signamreTan alkyS 
(fin 4.0-ac 47.0). ami the signamie ofTfive p rot^bo^ 

161-2R ® = ^ f'"^ ««• 1»0. 35, 
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F^ure r Synthesis of peptide axnphipbUea by an extension of soUd- 
pbase Fmoc technique, A protected peptide is synthesized on a 
coavenGonaJ peptide synthesizer, the aminc-pxoicciijig Finoc group is 
ranoved with piperidine. and the activated Iip<^ic tail compound is 
added. After compiciion of Che synthesis, the p^dde amphiphile is 
d<^rotcctcd and cleaved ftom the icsin by mUd acid trcaimenL 



I 



"k^ 



H,0 



ch.cn 



time (min) 

Figure 3. HPLC of peptide amphiphUes. AU traces were recorded 
Dy clutmg the sample with a 55-90% acctonitrilc in a water (0.05% 
TFA) gradient fi'om a Vydac C* column. 

to the ■np present in the pq»tide sequence. Further characier- 
izauoa details axe given in the Experimental Section 

Using inass spectroaastry. we- could not find hydrolysis 
products of die Olu esten therefore, we conclude that the tail 
componnd is stable under the ould acid treatment used for 
d^rotecoon and cleaving of the peptide. 

SyntliesB of Amphiphiks with Amino Acid Head Groups. 
TTie SQkH)hase methodology described above is very weU suiiS 
to Ae syn&esis of peptide amphiphiles m quantities of up to 
1 00 mg, whereas synthesis of larger amoimts (grams) of siiMle 
ammo acid amphiphiles is possible, but clearly not econoinial 
■nierefote. we decided to develop a simple Uquid phase 
procedure for the latter goal (Figure 5). 

(Ci4)i-aiu-C2-pNp readUy reacts with primary amines in- 
chidmg amino acid OBz esters, in presence of tiiethylaniine 
Tlie removal of the protecting group is easily achieved using 
catalytic hydrogenation in presence of paUadium on charcoal, 
and the final compound can be purified by silica gel chroma- 
tography. The times and temperanires required for complete 
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(C, Jj-Glu-C,^ H77-GPP*GPP*GPGPP* 



Bemdx ct ctL 




'i I 

\20 110 100 flO 

F1 (ppm) 

Figure 4. 500 MHz {'H}-{»C^^IMRhetc^OQuc^ear spin cx>ire^ 
(COSY) specmiin of (C(6)3-Glu-Cr-^/V-^7y^PP*OPP*GPGPP* ara- 
phiphilc dissolved in a CDjCN-DiO (I; I) mUmre. The spectrum has 
been low-pass filtered, and strong solvent peaks have been eliminated 
with a linear piedioion algodiydim. 



(CJ,-Glu-C.-pNp 



H O ^ 



Trieihylamine 
"pNp 




(^1 J2-<5fu-C-Amino ocfd-OBz 
(Pd) 



i 




CC J,-Glu-C,nAmino odd 

FigunS. U<jiiid-phasc synthesis of amino add amphiphites, TTiepNp- 
activaied tail is coupled lo amino acid OBz cstea. and the piottcting 
group IS removed by catalytic hydrogenaiioa 

removal of the OBz group exceeded the times given in li teiatute 
for simple amino acids and peptides, which is explained by ihe 
buDdncss and hydrophobichy of the final compoond. Complete 
removal of OBz gmxips fiom amino add aniphiphiles containing 
more than one protecting group (for example. (Cida-Ghi-Cj- 
Glu(OBz)OB2, (C,6)2^1u^2-1Vr<OBz)OB2:) was fbmid to be 
extremely difiBcuIt. probably due to steric hindrance or adsorp- 
tion of the amphiphile on the catalyst 

Monolayer Isothenns. We investigated the behavior of 
monohyos of the amphiphiles at the air-wato- inlerfece using 
pressure-area (jr-A) isothams. As expected for cotnpomids 
of this chemical nature « most amphiphile compounds formed 



70-" 



tC J.-GJu-C-Vn 

CC Jr<ai*C,<y» 




a4 0.S ae a? 0.9 to I'.t 1.3 
Surface Area (nmVmoleculc) 

Figure 6. Surface pressare-area isotherms of amino acid amphiphiles 
spread over pure water al 22 Whereas the glycine derivative forms 
only a condensed phase. Increasing buUdness and the hydrophobicity 
of the bead group leads to die appearance of an expanded phase for 
the alanine and valine dcrivatives. The isothcrai of the lysine derivacive 
ts typical for a zwicterionic compound. 




0.4 0.6 0'^ tJ) ^£ 1^ i'jB ,.8 
Surface Area (nmVmolecule) 
Figure 7. Surface piessure-area isothenns of ester derivatives of 
(C (fi}r<»ltt-Cj-Ala am^phile ^ead over pure water at 22 **C Again, 
the B{^«aianae of an expanded phase is associated with increasing 
buUdness and bydrophobiciiy of the head group. 



<C4,^ttr-c^fV rti], amM ria 




10 1^ ai;o 
SurtacB AfBa (nrrrf/motecula) 
Figures. Suiface pressurt-area isodierms of CCi6)rGlu-Cr-/fV'-/f77 
amphiphile spread over pure waier, 2 mMHCU and 1 raMKOHat20 
**C The amphiphile forms an expanded phase starting at 25 nm^/ 
molecule and, after a phase transitiofL a condensed |>hase ai O.SS nniV 
molecule. Note the diffcxem smfaoe area scale in'coraparison with 
the figures for amino acid amphiphiles. 

stable monolayers at the air— water interfece with high collapse 
pressures in the Older of 40-70 fioN/m (Figures 6-9). Some 
of dieam{duphile layers could be compressed into a condensed 
state as dcicnnincd by a sudden rise of die surface pressure at 
small molecular areas. 

(34) Kunitakc. T. Angew, Chan. 1992. 3i, 709-26. 
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2.0 is a".o 
Surface Area (nmiVhiolQcmal 

(C,«),^u<^//V.ff7y.GPPniPI>*GPGPP- amphiphiks spread over 

acd ampJupUte layers mix lo fom a Iay« flur has a closer paddng 
deasiiy than the pacldng densiv of each of the Uyers. 

Inlhience of Head G«Hip Size on Monolayer PropertiB. 
TTie chemical structure of the amphiphile head group has a 
pronounced influence on die occurrence of an expanded phase 
in &e measured monolayer n-A isolhenn. Ooly the «-A 
uoUjenns of (C,6h-Glu.Q.COOH (Figure 7) and (C.6)rGlu. 
C,-Gly (Figure 6) do not show substantial rises of the surface 
pressure at inolecular areas larger than 0^ nm^/molecule, which 
IS expected for uncharged or weakly charged amphiphiles with 
head group areas sraaUer or equal to the «« of the taiL This 
molecular area coaesponds to the molecular area of two long 
aikyl chaus per molecule nieated perpendicular or slighdy tilted 
with respect to the membrane plane. 

All oUier investigated amphiphile monolayers featwe aa 
expanded phase the onset of which roughly correlates with the 
bulkmess of the head group. However, the difference between 
fte actual molecular areas of the head groups for. for example, 
glycine and alanine aniphiphiles is only oo die order 
cm /molecule (the size of a single meAyleoe group), which 
might cause the observed minor difference in the onset of the 
corresponding condensed phases (Figures 6 and 7). but cannot 
s«ve as an otplanation for the occorrence of the expanded 
phase. TTierefore. we intciptei the occurrence of the expanded 
S^K™ ipdication of a different bead group conformation. 
UKhiced by the presence of a hydrophobic side chain, instead 
of bei^g brought about by an actual head group sire difference. 
Several effects could cause this behavior The head group could 
Uy «,„5 side" (paraUel to the monolayer), with the more 
Upophilic portion pointiag or partially inserting into the taU 
portioa Ihe head group portions ofaraphiphiles with less bulky 
head gnnips could be able to form intcimolecular hydrogen 
bonds, thus more effectively packing the head group area in 
compansou to random packing for the bulkier head groups. TTiis 
assumpuon is supported by the observation that (C,6)i^lu-C2- 
Gly also forms a liquid expanded phase after spreading over 
buffered subphases with dif&ieot pH (data not shown). 

Noticeably, the collapse pressure of the amphiphile mono- 
tayn, deoteases with the buUdness and hydrophobicity of the 
head ^up. as it is evident, for example, from the comparison 
of theuothetms for (C,6)r<31u.Cz.Gly. (C,«)rGlu^:,.Ah^ and 
(C,«h^lu-C,.Val (Figure 6) or from comparing the isotherms 
c'l?'^^^^'^ (C.«)2-Glu-Ci-AlaOE.. iid (C.»),-Gh.. 
C^AlaOBz (Figure 7). The latter monolayer caimot be 
c^r^ into a condensed state. The highest collapse 
pressme of about 70 mN/m was observed for (C,6)2^Iu.C2- 
Lys (Figuie 6), which feanires a nuher expanded ^olay« 
isothetm. which, however, due to the zwitterionic nature of its 



(cSckcri^wl^" I;«>pnuir-Blodg«t Tn«sf« of 
pSrv£ iC^' Amphvhile ftom a Monolayer Sp«ad over 



surface pressure 


15 mN/m 


35aiN/m 


50raN/m 


up I 
down I 
up2 
down 2 
up 3 
down 3 


1.04 

0.213 

0.934 

-0.77 
0952 

-0.953 


1.17 

0.7 

1-14 

-0.81 
1.15 

-0-76 


I. in 

0.775 
1-064 
0.779 
0.94 


* Not dctfirmincd. 



head group cannot be compared direcUy to the isothenns of 
amphiphiles with a single ionizable group. 

We would like to emphasize that monolayer isotherms of the 
amphiphiles presented here show a considerable sensitivity to 
the hydrophobicity and size of the amino add side chain in 
their head group. Rnther mvestigaiion of these monolayers wiU 
give OS valuable information about the characierisucs of amino 
acid side chain interaction in general 
Itafluaice of Peptide Head Group Structure on Monolayer 
^^^^ amphiphUes arc as capable as amino acid 
amphiphiles of forming stable monolayers when spread over 
appropnate subphases. Considering the sensitivity of the 
mewaired ;r-A isotherms for amino acid amphiphiles on the 
h«d group stniciure. it comes at oo surprise that the amino 
acid sequence of die head group has a major influence on die 
stability of the monoUyer and the shape of the ;r-A isotherm. 

Thus, (.Ci6)i-0\st^ir[rV-Hl], which contains 15 amino acids 
gives nse to a monolayer with a large expanded phase detectable 
f r« "^^^ol^^e ^ undergoes a noticeable transition at 
I 00 nmVmolecule and can be compressed into a condensed 
phase Bi surface pressures larger than 40 mN/m and surface 
areas of about 0.6 nmVmolecule (Figure 8), before it colUpses 
above 60 mN/m. When spread over different subphases. the 
expanded phase is slightly variable (indicating dififerent charge/ 
hydration states); however, die position of the phase transition 
IS preserved. Monolayers of {CK)^\a^^[iv.Hl ] can be 
transferred to substrates like mica or glass with transfer ratios 
of about 1.0 (Tabk 1). Interestingly, transfer of multilayers is 
possible only at veiy high surface pressures, above the pressure 
necessary for the phase transition at 1. 00 nmVmolecule. 

The 26^amino acid amphiphile (Ci«),.GIu-Cj-//V:.////- 
GPP'GPP.GPGPP*, in which hydrophoblSty is moie evenly 
balanced along the peptide chain, shows a simpler jz-A 
isotherm consisting of a single expanded phase that is observed 
siajtmg from a molecular area of 3 J nmVmolecule and rises 
up to a bait of 0.6 nmVmolecule before the monolayer collapses 
at a suiface pressure of 60 mN/m (Figure 9). 

If we were to imagine the 15-amino acid f/V-W; peptide to 
be m a fufly hydiaied random coil configuration, we can estimate 
the average distance between the N and C tcmiini to be about 
1.2 nm. which would give a molecular area of al least 4JS nmV 
moteple. On the other hand, a fiilly dehydrated, closely packed, 
and tiilly stretched peptide chain would occupy only 0 58-0 62 
ntn /molecule (assuming partial specific volumes in the range 
0.68-0.75 cm^/g), with the lower extreme that of a coUagen- 
^ stnicnne assuming one of the most dense packings possible 
Finally, a globular random structure with die packing density 
and hydration of a "normal" protein would occupy a molecular 
area of 2.6-2.9 nmVmolecule. The onset of head group/head 
group mteaction for (C,«)j-01u.Cr-rA^.//7y amphiphUes can 
be observed for molecular areas at about 2.5-3 nmVmolecule 
which clearly mdicates strong interaction between peptide head 
groups and low hydration in die monoUyer even at low surface 
pressures. It apppears also, that the exclusion limit for the 
monoUyer (0.6 nmVmolecule) corresponds to a fully stretched. 



04/03/2003 16:14 FAX 6123051228 
Mar t?5 03' 02: 22p 4 



MUETING RAASCH GEBHARDT 



©025 

P 



9520 7. Am. Ckem. Soa, Vol. 217, No, 37, J 995 

dehydrated peptide chain. Similar conclusions can be drawn 
for the 26-aimno acid /A^fr77-GPP*GPP*GPGPP* peptide. 

We would speculate, that the peculiar phase transidon 
observed for iCi6}t^lu<:^[iV-HIJ amphiptule at molecular 
areas of 1 nmVmolecule reflects a structural transition and/or a 
dehydration process caused by the uneven distribution of 
, hydrophobic residues along the peptide sequence; however, more 
experiments are needed to fully understand this phenomenon. 
Isolated IJV-fiJJ peptide has been shown to form stable solution 
structures in the NMR time scale.^^ Even though the sequence 
has been found in a tripIe-heUcal type IV collagen region, when 
removed from the triple-helical environment, it appears to have 
a considerable ^-sheet-foiming potential However, when 
surrounded by Gly-Pro-Hyp repeats, the peptide spontaneously 
forms triple-helicaJaCTangemcnts.3* Upcoming NMR and FTIR 
investigations of densely packed LB films of this amphiphile 
wUl show whether monolayers of (rV-HIJ derivatives indeed 
contain intermolecular hydrogen bonds characteristic for the 
meatioDcd struciures. 

MisclbiKty. In order to evaluate the biological properties of 
the newly synthesized pqptide amphiphiles, it is useful to create 
membranes that mimic the density of the naoual occurrence of 
the ligand in the exttacellular matrix. Whereas it has been 
complicated to control the ligand density in traditional cell 
adhesion assays, it appears straightforward to achieve fine 
control over the ligand distribudon in our monolayer membrane 
system. 

Figure 9 shows jt- A isotherms obtained for various mixtures 
of {Ci6)2-Glu-C2-Gly and (Ci6)2-Glu-C2-//V-/fi/-GPP*GPP*- 
GPGPP* as weU as a chart of the dependence of the molecular 
area on the molar proportion of peptide amphiphile in the 
mixture for various given surface pressures. From these data 
it can be seen that die resulting isodienn for a mixture of peptide 
and amino acid amphiphiles is diff^ent from the weighted sum 
of the individual isotherms. This appears especially striking at 
high surface pressures, where up to one-half of the amino add 
amphiphUe can be replaced with peptide amphiphile without 
aiiy change in surface pressure. This clearly indicates molecular 
nuxmg of bodi amphiphiles. On the other hand, this effect 
cannot be observed at lower surface pressures, where therefbic 
separate amino acid and peptide amphiphile domains exist- A 
small addition of amino acid amphiphile to a peptide monolayer 
actaany leads to a considerable expansion of the laycr» indicathig 
disordering and diminished packmg density of the peptide head 
groups induced by the "holes" in the head group region created 
by the small amino acid amphiphile. 

[HEF /27/^erivcd Amphiphfle. In contrast to above- 
mcnnoned [iV-HIl-dehved amphiphUcs, iCieh-Qlu-Cj-fHEP 
III} amphiphile does not form wcU^fined monoUyers when 
spread over pure water (Figure 10). The layers formed by diis 
amphiphile are unstable (the obtained isotherm is dependent on 
die con^>ression speed, and the surface area decreases with time 
held at constant surface pressure). Furthermore, the 
surface jaessure rises only at extremely sniaU surface aieas/This 
behavior is similar to that of long-chain Iq^drocarbons, and it is 
rationalized considering the hydrophobicity of the amino acid 
sequence and assuming that the four ionizablc groups form 
irmamolecular salt bridges. The increased charge of the head 
group that is obtained wh«i the amphiphile is spread over 2 
mM Ha stabilizes the monolayer. Over an acidic subphase a 
positive surface pressure can be detected at molecular areas of 
I.O nmVmolecule; however, die low collapse pressure of 30 

(35) Mayo. K. H.; Paira-Diai. D.; McCarthy, J. B- OwIberE M. 

So£?,^*1^!S-S!Sl?^^ ^ ^ f''^'^ <ff peptide synA^sU: 

Sponger: HeuJelberg. Germany, 1984; p 42. ^ 
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Figure 10. Surface pressure-area isotherms of iCx^h-GiM-CTlHEP 
Iflf an^>hi|rfule spread over pure water and 2 mM HCl at 20 this 
amphiphile does not form stable monolayers when spread over purt 
water, which is probably due to the hydrophobicity of the head group 
and the fonnation of intramolecular salt bridges for the polar ttsidues 
ui the sequence. When the amphiphile obtains a net charge (tf.^. due 
lo the presence of soong acid in the subphase). motioUyer behavior is 
aoticcably improved. 

mN/m still leaves this monolayer shon of the excellent siabiUty 
observed for (Ci6)rGlu<:2-/iV-H7 /. 

Cobdusion 

We have syathesized a variety of amphiphiles with different 
amino acid- or peptide-containing head groups using a simple, 
general, and highly efiBcient approach. Most of these am- 
phiphiles are capable of forming stable monolayers at the air- 
water interface and can be transfeued to different soUd substrates 
using convaitionalLangmuir-Blodgett technique. Monolayer 
studies give interesting insi^ into the details of amino acid 
side chain and peptide-peptide interactions. In addition, 
preliminary data (not diown) indicates that amino acid am- 
phiphiles arc enable of fonning bilaycr membranes and 
vesicles. Thttefote, we have obtained a useful tool for orieming, 
assembliag, and stabilizing pqitide stnx^ures and smdying their 
interaction widi other ceUular or soluble ligands. Layers 
contaming simUar amphiphiles could have imponaat practical 
applications as targeting agents in dnig delivery systems or as 
bioaffinity coatings. 

Experimental Section 

Materials and Reaeeats. GlyOBz was synthesized as described 
by Bodanszky « a^;» AiaOBz. Lys(2>-OB2, and ValOBz were 
obtained ftomBACHEM Bioscience Inc. Fmoc-amino acids used for 
peptide synthesis were from Milipore Corp. Triethylamine was 
rcdisullcd from phthalic anhydride and KOH. Ulrrapun water with a 
resistance of more than 18.2 MQ/cm was obtained with a MiUi-Q UV- 
Plus system. All other reagents and solvents were at least analytical 
giade and used as supplied. 

General Methods. NMR spectra were mcasuicd with Bnikcr 
AQOO or Varian 500 spcctrophotomeiers; FTIR spectra were recorded 
wuh a Nicolct instrument on KBr pellccs. Low-resoluuoa FAB or ES- 
nass spectra were registered using an VG 7070E-HF inttnuncnt with 
an acccleraiingvolugeofSkV and Xenon as reagent gas. Scans were 
nude using glyccrolrTFA and MNBArTFA matrices. Peptide am- 
phiphiles were analysed by rime^f-nighi mass spectroscopy (positive 
polanty, linear flight pafli) using a Kratas Kompaa MALDI I system 
wixh samples dissolved in 10% acetoninile:0.l% trifluoroaccdc acid 
cv^KJrized from sinapmic acid (analysis courtesy of Shinadzu 
Socntific). Melting points were measured by differendal scamiing 
caltmmetty using a Peridn-Emcr DSC-7 at scan rates between 5 and 
40 'C/min or a convenUonal Electrothcrn«a 9200 mclOng point 
apparams. McltinE Doints are mwirj m WW n*n*- — ^ 
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Synthetic Upidation of Peptides and Amino Acids 

a Shiraadzu LClOA dual-pomp sysieni equipped with a PDA 10 
pbotodiodcaitay detector. Moaolaycr isotlicnns were measured using 
a m.y computerized KSV LB5000 Langraoir-Blodgen trough with a 
plaunam Whilhclim plate as sensor. Amphiphiies were spread &xnn 
ch!orofonn(4)Jttxaiie(5):medmnol(l)saludoiu. Barrier movemeni was 
undated 5- IS min after spreading. Isoiheims were aquircd with the 
bamer movmg at constam speeds in the range fiom 2 to 50 mm/min. 
If not otherwise stated, no dependence of the shape of the isocherm on 
spreading condiUons or onihc speed of the bairier moveiiem was 
observed. 

Organic Synthesis, I'^'-DihexadeQrl L-Glutamate (pTs Salt). 
The procedure is based on the protocol given by Asakuma ^ Hcxa- 
dc<^anol (44.85 g. 0. 185 inol) and Glu (13.6 g, 0.092 mol) were mixed 
with 21.0 g (0.102 mol) of p-tolucncsulfonatc in toluene, and the 
mixture was heated until an cquiraolar amount of water was recovcied 
in a Dcan-Siark orap. The toluene was removed, and the product re- 
crystalUiedfiom acetone. Vteld: 80%. TLC (silica gel K60) methanol 
Cl):chlorofMm(99); i?/ 0. 3 (pTs salt); 0.05 (free amine). 'H-NMR- 
^CDCi, 0.87 (t, 6, -C/fa), 1.25 (m. >50. -O/a-). I J3 (ra, 4. ^Cff.- 
CHi-OCO), 2.19 (It, 2, -COCHjCWiCHCCNH), Z34 (s '3 
-QRiCWj). 2,45 (h. 2. -COO/^CHj-). 4.00 (u. 4, -Cf/^OCC)-)! 
7-76, 7.72, 7. 14, 7.10 (dd. 4, ^OSOjCsttCH,), 8.29 (b. 2 - 3 -N^,^. 
OSOn. FTIR: NHj val (3400 en.-', I5|0 cm''), aiyl CHj (3050 
cm- ), CHj val assym (2954 cm"'), CHa val assym (2917 cm'') CM, 

^^^^ '"'■'i ^'""^^ ^ 

> ^ cm ester CO val (1760 cm-), aiottiatic ring (1580, 1500. 

1'3' Dihexadecyl A^-Sucdnyl-L-clutamate r,3'-Dihexadecyl t- 
glutamaie (20 g. 26 mmol) and triethylamine (5.5 mL, 39 mmol) were 
dissolved in a I : I THFKTHa, mixture, and 3.9 g (39 nunol) of succinic 
anhydnde was added under stirrmg. The mixture was kept for 4 h at 
30 C. The prodaci obtained after removal of the solvent was 
recrystallized (rem acetone and cdianol. 

«JC"^*^'; ^^^^ S'^" K60) chloraform/ 

roethano] (96:4): r^qa. "H-NMR: 0.87 (t. 6H. -Ctf,) | 25 

2.45 (n, 4. NHCOCtfiCffiCOOH). 4.00 (n, 4, -CH>OCO). 4J9 (w, 
1. CH^/7CO,NH). 6.56 (d. I, OCOCHNffCO-). FAB-MS: 696 6 
(MH*), 694.6 (M-); FHR: OH val (3510 cm"'), CHj val assyni (2954 

^' "^^"^ ^^''^ ^ ^^-^ C2893 era-), CH, 

val syrn (2850 cm' '). ester caibonyl (1780 an''), acid CO (1730 cm"') 
amide CO val (1640 cm"'), amide NH (1540 cm'*) 
l'3'-I>ihexadecylA^HOK4.NhraphenyOsucdii^ 
Ehhexadecyl iV^succinyJ-L-glutaituce (6.90 g, 9.9 mmol) and p- 
mttophenol (1.65 g, U.9 mmol) were dissolved in CHtQi. and X05 - 
(9.9 mmol) of /^.Ar-dicyclohexylcarbodiimidc as well as a catalytic 
ainounc (80 rag) of (dinjcthylamino)pyridine was added to the leaction 
mixture on an ice bah. TTie leacaon was continued for 2 h 00 die tec 
bath and for 24 h at room lemperaiure. The formed dicydohcxylurea 
was filtered off, and the reaction product was precipitated with cold 
chy«hanol. Yield: 85%. Mp: 89 ^C. TUC (silica gel K60> methanol 
(5):chloroform(95): R;QJ. 'H-NMR: <5cocb0.87 (i, eR -CW3), 1^ 
^'^J'^^* ■^^~>- ^-^3 (m. 4, -O/^CHiOCO), 1.91, 2X)9 (tL 2 
"COCH:C«jCHCO.rW), 2.25 (h, 2. -COCWjCHiCHCOJ^l), 2.35 
2.45 (tu 4, NHCOCffiC/fsCOOH), 4.00 (0, 4, -CH;OCO-) 4J9 (a 
1, CHjC/ZCOjm), 6.56 (d. I. OCQCmHiXi-X 7.29 7 25 (d 2 
-CCKKV/JMOi). 8.36. 8.31 (d, 2-COOC<^4N02). * 

r^'-Khexadecyl ^^-(l-(/V.AlniIWM»cy|-0-bcIIIoy^ eslerjsnccmyl]. 
L^glutamales. The p-toluencsulfonate salt" (6.5 mmol) of the ap- 
pnopnate OBz-protected amino acid was iuapeodcd in 100 mL of ethyl 
acctaxe. After addition of 2.7 mL (19.5 mmol) of triethylamine. the 
solution became clear. 5 g (6.2 mmol) of r,3'-DihexadecyI ^.(0^4- 
mtrophcnyl)sucrinyl].L-gUitamate (5 g. 6.2 mmol) was dissolved in ethyl 
acetate and added 10 the reaction mUture. The solution was stirred 
for at least 24 h at room icmpcratorc. Thereafter, the solvent was 
ev^ted and the residue was dried under vacuum. The product was 
punfied by rccrystalUzation from absolun: eibanol. The reacUcn yields 
range &t>m 66% (C,.-gIu-C^Lys(2X>Bz) to 979t (C.^-gfu-C^lyOBz). 

f r^"7'''';.r*- -n-C (silica gel K60)meiinol 

(10).chlorofonn(90): /t^ 0.85. 'H-NM R: dcoc.^ 0.87 (t, 6, -C//j), 

(37)Z-Lys-OBz was used as Ha saiiT 
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iff -C«,-). 1.59 (m. 4, -Cff^CHiOCO}. 1.91. 2.09 (a 

1+1. -COCH,C//2CHCO^, 2.35 (h. 2. "COO/AcHCOjiH ' 

^-Of^OCO-), 4.55 (tt, 1, CHjOrcO^H). 5.16 (s. 2 Oi ' 
OTOC^,QH,), d54 (d, 2, -NHCO-l 734 (s. 5, CH^Cod^^^T 
"C-NMR: dcDprfD-oo 13.7 (CH,CH^-). 22J (CH^CH^-). ig^^^xi 
OV-X 31.75 (CHjCHjCHi-), 40.9 (-NHCHzCOOBz) 5i 7 
(-OCCH2<:HrfHCO(NH)-). 57.4 ("0CCHiCHzCHCO(NH)-) 64 9 
65.6 (COOCHiCH.-). 66.9 (COOCHjC^Hi). 128.3 (-CH>C^; C.) 
128.4 (^CH.C<^ C23^.6), 135. 1 (CH^C^Hj. CI). 172.0, 172.9 173 1 
(-CO0R). FAB-MS: [M + H]* 843.7, (M + Na]* 865 6 Fb'^ 
fragments: 596.6, 678.6, no FB" fragments. 

l\r^Dihexadecyl N-[ HN^Alanyl~0-benzoyl est^r)succbiylU- 
glmimate. Yield: 85%. Mp: 97.4 TLC (siUca gel K60) methanol 
(I0):chloroform(90): HyO.9. »H-NMR: <5ci>a„ 0.88 (t. 6 -CWj) 125 
(m. >50, -C//J-), 1.38, 1.41 (d, 3, -^fHCH(O/,)C0OBz). 1.57 (m, 
4. -Ctf^^OCO), 1.95. 2.10 (a. l+l, -COCH2C/f.CHCOJvm) 2 36 
(h, 2. -COCffiCHiCHCOjm), 2^ (t, 4. NHCOC/^^Cf/,CX)NH)' 4 05 
(tt, 4, -OYiOCO-), 4.55 (t. 1. CHzCWCO^). 5.15 (s. 2 CH- 
COOC/ZjOHs), 654 (m. <2, -N//CO-), 6.62 (d, 1 -CH^CH^ 
CON//CH(CH,)-). 7.34 (s. 5. CH,COOCH,cU.). ' '^C-NMR- 
<5ct3aj.CD,OD 13.7 (CH3CH(NH}COOBz). 13.8 (CHyCH^-\ 22 5 
^^\^r^' ^^'^ C^yl-CHi"). 31.75 (CH^^3-), 395 (weak 
-NHCH(CH,)COOB2). 51.7 (-OCCH^CH,CHCO(^^H)-) 57 4 
(-0CCH3CH:CHC0(NH)-). 64.9. 65.6 (COOCHiCHj-)' 669 
^^"^^ff^' (-CH,CJi5,C), 128.4 (-CH^5,C2:35.6). 
135^ (CH2C^5,C1). 172.0. 172.9, 173.1 (-COOR). FAB-MS: (M 

tamV.^' ^ [M - HI- 855.6. FB- fragments: 

5965. 6785, FB" fragment: 765.6. 

r.y-Dihexadecyl t^-f i •(N-Valinyl^O-bentoyl ester)succmylU- 

fiTT.'^' "-^"^ TLC (silica gel K60) methanol 

(I0):chloioform(90): /J/0.85. 'H-NMR: ^cdci,) 0.86 (t. 12, ^C//,) 
L24 (m, >50. -Cff^-). 1.69 (m. 4, -Cff^^OCO-). 1.95 (m I* 
-CHCH(CH)h) 2.09 (tt, I + I. -COCH^jCHCOJ^H). 255 (h 2 
--COC//,CH3CHCO.^fH). 2.56 (t, 4, NHCOO/jO/^ONH), 4,07 \a 
4. -0/aOCO-).4.48 (rn. 2, NHCTOO), 513 (d, 2, CHjCOOCtf^CJi^/ 
6.44, 658 (dd, 1 + I, -N//CO-, not present after addition of CDi- 
OD).7.34(s.5,CH,COOCH,C6W,). '^C-NMR: 13.7(013- 
CH3-), 17.6. 18.8 CH(CH,),. 22.5 (OljCK,--). 29r2(^yl.CH>-) 
31.75 (CH3CH2CH3-). 38.5 (weak, -NHCHCOOH) 517 
(-OCCH:CH2CHC0(NH)-}. 57.4 (-OCCHjCH.CHCOCNH)-). 64.9 
65.6 (COOCHiCH3-).66.9 (COOCH1QH3). 128.3 (-CHzCJl,. C.}' 
128.4 (-CH3C6H5.C2,35.6). 135.1 (CHiQHj.Q). 172.0, 172.9 173 I 
(-COOR). FAB-MS: [M + H]* 885.7. (M + NaJ-^ (M - HJ" 

883.7, FB^- fragments: 596.6. 678.6, no FB" fragments. 

l\r-Dihcxadicyi N-[lr(N-[s-N'Carbojcybenzpyl}-lysyl'0-benzoyl 
estcr)succinyt]^\.*gluxamnte. Yield: 66%. Mp: 97.2 *C. TLC (silica 
gel K60) methanol (10):chlorofonii (90): /^05. 'H-NMR: 6cDa, 0 86 
(t, 6, -CWj). 1.25 (m, 60. C/fj). 1.40 (b, 2, -C/^aCHjCHjNHZ), 1.57 
(m,4. --C/fzCHjOCO). 1.7 (b, >3, -C//2CH2C//3CH2lvfHZ). 1.95 2 15 
(tt. I 4-1. -COCHzC«^CO,NH), 253 (h. 2» -COCW^HtCHCO - 
NH), 252 (c 4, NHCOC//:Of2CONH). 3.01 (t, 2, -CHiCH^CH^CH^*. 
NH2), 4.05 (ti, 4. -CrHzOCO-), 456 (tt. I, CHjC/TCOjNfH) 5.07 (s 
2. CHjCOOC/f^CftHj). 5.12, 5.14 (d, 2, -CH1NHCOOC//3QH3) 6 67 
<d, >l.-N«CO-).7.32(s,lO.-CH2C6W5). '^C-NMR: <5ci«, 14,1 
(CHjCHz-), 22.7 (CrHjCH.-). 29.7 (aDcyl-CHj-). 31.9 (CH3CH.- 
CH3-), 52.4 (-OCCH7CH.<MCO(NH)-}. 58.2 (-OCCHjCH^Cl^ 
(NH)-X 64.9. 65.4 (COOCH^Ctfj-), 66,9, 67.4 ((^OCH^CJi,). 12SJ 
(— CHjCdHj). numerous peaks, not resolved). 173.1 173 7 (-COOR) 
FAB-MS: IM + H]+ 1048.8. (M + Na]* 107O.8. FB+ fragments' 
596.6. 678.6. 914.7. FB" fragment: 9565. 

l'3'-DihincadecylA^4l-(Ar.AjninoacynsiiccinyIl-i.^ltitamates. (4 
g, 5 mmol) I'J'-Dihexadecyl A/-(l-(;V-amtnoacy»-0-ben2oyl ester) 
succinylH-gluiamatc was dissolved in chlotoforro." Palladium catalyst 
on charcoal" (0.4 g) was added, and the mixture was flushed with 
nitrogen gas. Thereafter the introducdon of a slow stream of hydrogen 
was siancd. The catalyst was kept in suspension with vigorous stirring. 

(38) A smalt amouni of tthanol was added to facilitate dissoluUoa of 
the compound. However, we could idcndfy one of the byproducts of the 
reaction as (he ethyl ester of die goal compound. Therefore, treatment with 
alcohol should be avoided. 

(39) Washed wiih chloroform^methanol (3: 1 ) and filtered through a coar« 
sinter fitter. 
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The reaction was continued for 6 h at 35 "C. Thereafter, the hydrogen 
gas was replaced by nitrogen and the siining was siqiped. The rcaaion 
mUture was filtered through a fine glass fiJier, and the sorvcni Was 
removed under vacuum. The reaction product was nxiysunizcd from 
eihanol and purified by cbromatography on silica gel K60. The 
compounds were appUcd to a 20 x I J cm column in hcxane/CHay 
methanol (50:49:1), washed with 300 mL of Uiis solvent mixture, and 
eluied with hcxane/CHOj/meihanol (5:4:1) « Elucion was foUowed 
by HPTLC on siUca gel with phosphomojybdaic in cihanol as detecting 
agent. We identified {C»«)rglu-C>.aminoacy|.OEc and unreadod (Cu^ 
glu-C-aminoacyl-OBz as two minor impurities that were separated 
dunng the cbromaiographic procedure. YicKls (before chromatoeraphy) 
were tn the range between 11% ((C.^ij^glu-C.^GIy) and 92% ((C,6h- 
g^ u ■* Ala/ . 

yj-'Dih^^lN-ll^^^^^ Yield: 77%. 

n ^^'^ methanol (l):chlorofonn (9): R, 

0.15 'H-NMR: (ScoovCOxoo 0.87 (t. 6a -CHi\ \.7S (ni. >50. CH,), 

, }: COCW^CH.CHCO.NH). 2^7 (,. 4. NHCOCW^r 
CONH). 3.77 (d, 2. NHCff,COOH). 4.0S<ii. 4. -CHjOCO-) 4 35 

(CHjCHj-), 29.2 (alkyl^-), 31.75 (CHjCH^-) 40.9 (-NHOt 

64.9. 65.6 (COOCHiCH,-). 172.0. 171.9. 173.0^=^11- 
aX3R)^ FAB.MS: (M + H]* 753.6. [M + Mar 775.6, [M + K)* 

Km !'io,n, '"I^'i;™*^*""' 596.6.678.6. FTIR: amide 
NH val (3301 en,"-). COOH OH vaj (3070 cm-). CH, val assym 0954 

^' """■>• ""^ "y"" <28W em-). CH, 

val sym (2850 cm-). esc«r CO vai (1739 cm-), amide CO val (1644' 

em '), CHj sym ttef ((w) 1379 cm"'). 

^'''^'9!!^*<^'^-lJ-(f*-^^l)««xinylJ.^^ YWd; 9296. 

V« \ *coe„.aw 0.72 (^ 6, -Cff,). I.IO (m. >50. 

-C%-) 1.21. 1.26 (d. 3, -NHCH(CH,)COOH). 1.46 (ra. 4. -Cff,- 
CHjOCX)). 1.87. 2,05 (tt. 1+X, -COCHiCffjCHCO NH) i24 fli. 2. 

4. -CHjOCO-). 4 J5 (tt, 1. CH:CiVCO.NH). "C-NMR: dL, rS^ 

(alkyl-CHj-). 31.75 (CH,CH,CH,-). 39 J (weak -NHCH 

P!^2S"^~^- ^^-^ (COOCHiCH,-) 171.5. 172.9. 173 1 
ec^H. -COOR). FAB^S: (M + K)* 805.5. [M - H]- 765 7. 

COOH OH val (3100 cm-). CH, val assym (2958 cm"'). Clfc va^ 
a«ym (2920 cm-). CH, val sym (2880 cm-). CH, val sym ^855 
Z n^' ^.rl"'*' ^ cm-). Lide 

Tfit^i^Z ci^' ""^ ™' ^ 

J'-S-'DihaauUcyi N-(HN-AUmyW^Ayt eaertsuccinylK-gluUnuxu. 
Th« comf«un<I was isolated as minor ftaction during purification of 
(C,4)rglu.Cj-Ala and identified by NMR and FAB-MS. Mp- 87 5 

' " ^"^ ^' -C/'jCHiOCO), 1.87, 2.03 (tt. 1+1 
-COCH,Cff:CHC0.NH), 2.24 (b. 2. H:oCff,CH,CTCOjS>. 2 J8 
I, 4 NHOOC«^:CONH). 4.01 (tt. 4. -CH,(^5 S 4.22 

(-N//CO-); FAB-MS [M + H}" 795.6, [M + Na]* 817 7 

Mp. 73.4 "C. TLC (siUea gel K60) hexane (50):chJorofomi (42)- 
medmo](8).^,0.25. -H-NMR (600 MHz): sLl^^TS^ 
0.96 (I. 6. -CH(CH,)J. 1.24 (m. >50. -CW,--) 6| (m^ 4 I^i.' 

SCS^"^' ^-'^ 2- -COCWH:CHCOJ<H). 2.65 (s 4 
NHCOCWiCftiCONH). 4.05. 4.12 (tt. 4. -Cff,OCO-) 4 48 dJIVm! 

^ ^f^o*7^'^-^- 22-6 (CH,CH:-). 2^W^1- 

( OC<niiCHKMCO(NH)-). 65.0 . 65.7. (COOCHjCHj-). I7Z0. 

^M^l^'it^ul^i^^ -^^^'^ ""^ hexane/chlonrfbmi/medianol/ 
wiTniS;^"^ ' rcaaion of the lysine side chain amine 
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173.0, 173.8 (-COOa -COOR). FAB-MS: (M + HI* 795 6 nm ^ 
Nar 8,7.6^^ K]* 833.5. JM - HI" 793.5. «* f^jnl^'.'*5?2; 
6/8.5. no FB fragments. FTIR: amide NH val (3350 cm"') COOH 
OH val O085 cm-). CH, va. (396, on-,. U va."as, m'^t^ 

val (1743 cm-'), amide CO val (1640 cm-), amide NH (I53S cm-7 
CH, assym def. CH, scissor (1466 em-). CH, sym def ((w) 1 375 cm-) 
r.r-D!h^cylfi.(J^N.Lyvl)succ^^^^^ Yield: 89%. 

methanol (8): R,O.OS. -H-NMR: «5ct«.cD^0.81 (t. 6. -C^). l.,8 
^'^AZ^^-^"'^- ^-^^ ^"^ -C«:CH=<^. 1.91. 2.69 (tu 1+1 
7T^^?!P°-^- 2. -COC«,CH,CHC0 NH). iJi 

04. NHC0C»,aif,CONH). Z89 (m. 2. -OfjNHJ. 4.OI (.1, 4 -CH> 

CH r^?^,?; 22.7(aj,CH,-). 29.4 (alkyl-CH,-). 31,9 ^ 
CHjCH:-), 51.9 (-OCCHiCHiCHCO(NH)-). 58.0 (-CCCH,CH,. 
CHCO(NH)-). 58.6 (-CH,NHJ. 65.1. 65.9 (C00ai,cSf-?m 1 
173.0 (-O0OH. -COOR). FAB-MS: (M+H]* 8247 nvi + NaV 
846^. [M + Kr 862.6. [M - H]" 822.7, ftSmeS 59^4r6?8 i 

NH ^ (3350 cm-), amide NH val 
(2990 cm •). COOH OH val (3080 cm-). CH, val assym (2960 cm-), 
m^n (2920 cm-). CH, val sym (2870 cm-). CH, val sym 

(2850 cm •). ester CO val (1740 cm'"'), amide CO val (1640 cm"') 
pncnary amine NH (1600 cm-), amide NH (1536 cm-), CH, assym 
def. CH, sassor (1467 cm"'). CH, aym def ((w) 1379 cm"'). 

r^'-Dihexadecyi A^[l-(V-Peptldy0sucdnyl]-L.6lutaina«es N. 
pihexadecyl W-[HAf-pepddyl)$uccinyl)-L.glwamaies were synthesized 
by inciibauon of the appropriate NHi-peptidyl-resin (obtained afier 
mcohation of the fuUy protected Fmoc-pepadyl-resin for 20 min in 
pipeiyline/dimethylfoimamide (1;4) and washing widj DMF) wilh a 
4-fold molecular excesses of Mdihcxadecyl W.[OK4.nitraphenyl)- 
succinylj-c-ghnamate and 1-hydtoxybemotriaioIe over the substitution 
level of the tesio in a diniethyiformamide:dichloioraethane (l-l) 
mixture. The reacUon was followed by the Kaiser test for free amine 
on the resin. After 4 h. the arophiphile was deprotecied and cleaved 
by incubauoD with 95% trifluomacetic add in dichloromethane for 
pepudes not containing Ttp or Rageni K" for T,,M:oniainin« peptides, 
■nje ainphiphiles woe piecipitaied widt cold ether, lyophilized. and 
""^"^ °" ^ 2.3 X 25 column using 

55%-90% aceionitrile gradients or 80% acetoniirile isociaric eluUon. 

LD-MS^ (C'*>r^l"-CrGly-Val-Lys-GIy-Asp.Lys-Gly.Aso-Pro- 
Oly-Ttp4>to-Gly-Ala.pio.Tyr (=(C,«),01u-C,./n/-«/n: [M + HI* 

f^ii ^1^"*'*= (C.Jraiu.CrGly.VaI.Lys^31y-Xsp-Lys-Gly. 
Asn^P^ly.TVI^ly-Ala-P«>GIy-P«^Hy|K3ly.p^^ 
C^-Pro-Hyp (■=(C„)5-OJu-C,-/A'.w;-<;/'/'*GPP*OPGPP»)- fM + 
Kr 3068.9. calcd 3069.5. ^ 

ES-MS. (C,*)H3lu.C2.Gly-Glu-Phe-Ty,-Phe-Asp.Leu-AfE-Uu- 
{-=<C,»),.Glu-Cr^iif£i» II//): [m + HJ* 2430.4 Da. 

calcd 2430.1 Da. 

Abbteviatioiis: (C,5)2<51u-C7-COOH, l'.3'Kiihexaaccyl TV-succinyl- 
L^utamate: (C,.h-CHu^rpNp, l'.3'.dihcxadecyl ;V.fCH4-mtnmhcnjd). 

'^'^-b^^ytoxycarbonyl; DCO, dicyclohex- 
ylraibodunude; DlPd. diisopiopylcatbodiimide; DMAP, (dimethyl- 
anj^Jpynda^: DMF. dimediyJfbmumude; Fmoc. 9^uoreDylmeihoxV 
«rt)onyl; HOBt, hydroxybenzoiriazole: HPLC high-performance liquid 
fZ^!'*^^^!'^^!' betuoyl; pNp, ;.-nitn>phenyl; pTs, p-tolueae- 
sulfonate: 2. carboxybenzoyl; OE^ eihyl; TEA, irictban Diamine. 
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